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ABSTRACT

Dicuangco, Mercy Grace. M.S., Purdue University, May 2014. Particle
Deposition on Superhydrophobic Surfaces by Sessile Droplet Evaporation. Major
Professors: Suresh V. Garimella and Justin A. Weibel, School of Mechanical
Engineering.

Prediction and active control of the spatial distribution of particulate deposits
obtained from sessile droplet evaporation is essential in ink-jet printing,
nanostructure assembly, biotechnology, and other applications that require
localized deposits. In recent years, sessile droplet evaporation on bio-inspired
superhydrophobic surfaces has become an attractive method for depositing
materials on a site-specific, localized region, but is less explored compared to
evaporative deposition on hydrophilic surfaces. It is therefore of interest to
understand particle deposition during droplet evaporation on superhydrophobic
surfaces to enable accurate prediction and tunable control of localized deposits on
such surfaces. The purpose of the present work is to explore the morphology of
particles deposited on superhydrophobic surfaces by the evaporation of sessile
water droplets containing suspended latex spheres.
Droplet evaporation experiments are performed on non-wetting, textured
surfaces with varying geometric parameters. The temporal evolution of the droplet
contact radius and contact angle throughout the evaporation process are tracked
by visualizing the transient droplet shape and wetting behavior. The droplets are
observed to exhibit a combination of the following modes of evaporation: the
constant contact radius mode, the constant contact angle mode, and the mixed
mode in which the contact angle and the contact radius change simultaneously.

xiii
After complete dry-out, the remaining particulate deposits are qualitatively and
quantitatively characterized to describe their spatial distribution.
In the first part of the study, the test surfaces are maintained at different
temperatures. Experiments are conducted at ambient conditions and at elevated
substrate temperatures of approximately 40°C, 50°C, and 60°C. The results show
that droplet evaporation on superhydrophobic surfaces, driven by either mass
diffusion at ambient conditions or by substrate heating, suppresses deposition of
particles at the contact-line during droplet evaporation. This behavior provides an
effective means of localizing the deposition of suspended particles.
In the second part of the study, the droplets are allowed to evaporate at ambient
conditions on test substrates with significant relative differences in surface
morphology. These differing surfaces yield a wide range of surface wettability as
a means to control the particulate deposition process. Analysis of the droplet
wetting behavior throughout the evaporation process show that the droplet could
either remain in the Cassie state (resting on top of the roughness elements) or
transition into the Wenzel state (roughness elements flooded). Top- and side-view
images of the droplet profile are visualized to confirm the droplet wetting state near
the end of evaporation. Experimental observations are compared with a theoretical
trend of the Cassie-to-Wenzel transition based on the capillary-Laplace pressure
balance at transition between wetting states. The results reveal a relationship
between localized deposit size and surface morphology based on this ultimate
wetting state. An optimum surface morphology for minimizing the deposit coverage
area is identified.
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CHAPTER 1. INTRODUCTION

1.1

Applications and Motivation

Tunable deposit patterns obtained from droplet evaporation are desirable in a
variety of applications. Evaporative patterning of functional nanomaterials,
including nanowires [1] and gold nanoparticles [2,3], has become instrumental in
developing nanomaterial-based optoelectronic devices [4]. DNA microarrays [5,6],
biosensors [7,89], and protein delivery systems [10] rely on localized, evaporative
deposition to detect and analyze biological materials. For processes that require
uniform particulate deposits from inkjet-printed droplets, the effects of particle
concentration [11] and solvent composition [11,12] have been studied to eliminate
undesirable ring-like patterns.
1.2

Particle Deposition by Droplet Evaporation on Hydrophilic Surfaces

An understanding of the droplet evaporation behavior is essential in order to
control spatial distribution of deposits. On smooth, hydrophilic surfaces, Deegan
et al. [13,14] ascribed ring-like  deposits  (the  ‘coffee-ring’  effect)  to  capillary-driven
flow of particles to the pinned contact line, where the local evaporation rate was
highest. Popov [15] evaluated the theoretical growth rates and sizes of such ring
deposits with respect to the initial solute concentration using a closed-form solution
that assumed a pinned contact line. On the other hand, Hu and Larson [16]
observed particle deposition at the center of the droplet after dry-out. This
observation was attributed to the strengthened recirculating Marangoni flow in
organic liquids that prevented particles from accumulating at the contact line.
Subsequently, Ristenpart et al. [17] demonstrated that tuning the direction of the
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Marangoni flow allowed controlled distribution of the deposits. A phase diagram of
deposition patterns was later developed by Bhardwaj et al. [18] based on the
competition

between

capillary-driven

flow,

Marangoni

flow,

and

electrostatic/intermolecular force-driven particle assembly.
1.3

Superhydrophobic Surfaces

Superhydrophobicity may be imparted to a surface by carefully engineering
hydrophobic rough elements on a substrate [21]. Superhydrophobic surfaces
[19,2021] result in a significant increase in the contact angle (> 150°) of a sessile
droplet, thereby decreasing the droplet solid-liquid contact area. Depending on the
surface morphology, the droplet will remain either in the non-wetting, Cassie [30]
state or the wetting, Wenzel [33] state.

(a)

(b)

Figure 1.1. Schematic illustrations of droplet wetting states: (a) Cassie and (b)
Wenzel.
1.4

Sessile Droplet Evaporation on Superhydrophobic Surfaces

To date, many researchers have theoretically and experimentally investigated
[20, 22-26] the characteristics of droplet evaporation on superhydrophobic
surfaces. Recent studies [ 22 , 2324 ] have demonstrated that the droplet
evaporation rate was reported to be reduced on superhydrophobic surfaces due
to the increased influence of evaporative cooling at the droplet interface. Three
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modes of droplet evaporation on superhydrophobic surfaces have also been
reported [20,2526]: a constant contact radius (CCR) mode, a constant contact
angle (CCA) mode, and a mixed mode. In the CCR mode, the contact line remains
pinned while the contact angle reduces, whereas in the CCA mode, the contact
angle remains fixed as the contact line recedes. The droplet contact radius and
contact angle decrease simultaneously in the mixed mode.
1.5

Evaporative Deposition Patterns on Superhydrophobic Surfaces

A number of works have studied evaporative deposition on superhydrophobic
surfaces. On a highly non-wetting microtextured surface, Brunet [27] observed
localized deposits with sizes dependent on the initial particle concentration and
droplet volume. Marín et al. [28] demonstrated the ability to deposit a spherical
cluster of particles on a superhydrophobic surface due to the receding contact line.
Ebrahimi et al., [7] Tirantino et al., [8] and De Angelis et al. [9] used
superhydrophobic surfaces to facilitate dense packing of molecular deposits for
improved nanosensor efficiency/sensitivity. Despite the growing attention in this
field, however, there are no standard measures to characterize and predict the
size and location of deposits on rough surfaces with non-wetting properties.
1.6

Thesis Objectives

The objectives of the work reported in this thesis are to:
Investigate evaporative deposition on superhydrophobic surfaces with and
without substrate heating (Chapter 2).
o Perform droplet evaporation experiments of sessile water droplets
containing latex microspheres on superhydrophobic surfaces
maintained at room temperature and at elevated temperatures
o Visualize the transient side-view droplet profile throughout the
evaporation process, and obtain measurements of the temporal
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evolution of the droplet contact radius temporal and contact angle
from these visualizations
o Investigate

the

predominant

modes

of

evaporation

on

superhydrophobic surface
o Quantitatively and qualitatively analyze spatial distribution of
particulate deposits
Investigate the effects of superhydrophobic surface morphology on
evaporative deposition patterns (Chapter 3)
o Design

superhydrophobic

surfaces

with

varying

geometric

parameters that yield a wide range of surface wettability
o Perform droplet evaporation experiments of sessile water droplets
containing latex microspheres on superhydrophobic surfaces
maintained at room temperature
o Visualize the transient droplet side- and top-view profile throughout
the evaporation process
o Obtain measurements of the temporal evolution of the droplet
contact radius and contact angle from the side-view visualizations
and verify the Cassie-to-Wenzel transition from the top-view
visualizations
o Demonstrate the influence of surface morphology on the observed
modes of evaporation
o Examine deposit pattern and degree of deposition localization with
respect to surface morphology
o Predict the Cassie-to-Wenzel transition based on the capillaryLaplace pressure balance at the solid-liquid interface
o Compare the observed trends in deposit size with theoretical trend
of the Cassie-to-Wenzel transition
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1.7

Outline and Major Contributions of Thesis

The thesis is organized such that Chapter 2 provides insights on deposition
localization on superhydrophobic surfaces, and Chapter 3 reveals a relationship
between deposit size and surface morphology. The major contributions of this
thesis are:
Offer fundamental insights on controllable particulate deposition by droplet
evaporation on superhydrophobic surfaces
Demonstrate droplet evaporation on superhydrophobic surfaces as an
effective method for suppressing particle deposition at the contact line and
localizing the deposition of suspended particles
Reveal a correlation between deposit size and surface morphology that
allows prediction and control of localized deposits on superhydrophobic
surfaces
Identify an optimum superhydrophobic surface morphology that minimizes
the deposit coverage area
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CHAPTER 2. EVAPORATIVE DEPOSTION ON SUPERHYDRPOPHOBIC
SURFACES WITH AND WITHOUT SUBSTRATE HEATING

2.1

Introduction

This chapter shows that droplet evaporation on superhydrophobic surfaces can
serve as an effective method for suppressing contact-line deposition during
evaporation and for localizing particulate deposits. Microliter water droplets
containing suspended latex microspheres are evaporated on non-wetting textured
surfaces of different geometric parameters that are maintained at varying surface
temperatures. The transient droplet shape and wetting behavior during
evaporation are analyzed with respect to substrate temperature and surface
morphology. Qualitative and quantitative evaluations of the leftover deposits are
presented.
2.2

Methods

The superhydrophobic surfaces in the present work are fabricated in the Birck
Nanotechnology Center at Purdue University. A detailed description of the surface
fabrication procedure is given in [20]. The silicon wafer used as the substrate is
spin-coated with positive photoresist AZ 9260, which acts as the mask for silicon
patterning using a deep reactive ion etch (DRIE) process that forms the pillared
structure. Superhydrophobicity is then imparted by spin-coating a thin layer of
Teflon on the pillars.
Figure 2.1 shows the three different superhydrophobic surfaces (SH-1, SH-2,
and SH-3), which are fabricated to have different pillar width, height, and pitch.
These parameters are defined in Figure 2.2 and their values for the three test
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surfaces are summarized in Table 2.1. The table also provides the solid fraction,  𝜑,
and the surface roughness,    𝑟 , respectively defined as
𝜑=

𝑊
𝑃

𝑟 =1+

(a)

(2.1)

4𝑊𝐻
𝑃

(b)

(2.2)

(c)

Figure 2.1. Grayscale optical interferometry images of representative pillar arrays
for (a) SH-1, (b) SH-2, and (c) SH-3.

(a)

(b)

P

W

H

W
Figure 2.2. (a) Top and (b) side view of pillar array unit cell defining the pillar
width (W), height (H), and pitch (P).
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Table 2.1. Geometric surface parameters of test surfaces.
surface

W  (μm)

P  (μm)

H  (μm)

𝝋

  𝒓𝒎

SH-1

10

32

21

0.10

1.82

SH-2

14

40

25

0.12

1.88

SH-3

8

16

19

0.25

3.38

A   suspension   of   1   μm   diameter   latex   microspheres   (Thermo   Scientific)   in  
deionized water is employed for the droplet evaporation experiments. The particles,
which have a density of 1.05 g/cm3 such that they follow the flow field [29], are
originally suspended in a 10% mass concentration aqueous solution. Using a
micropipette (AP-2, Accupet), a sample of the stock solution is diluted with
deionized water to achieve a final particle suspension mass concentration of
0.002%. Prior to testing, the particles are uniformly suspended by ultrasonication
(B200, Cole-Palmer) for ten seconds.
Figure 2.3 illustrates a schematic diagram of the experimental setup. A
goniometer (Model 290, Ramé-Hart) is used to visualize and record the transient
macroscopic droplet profile during evaporation. The system is equipped with a cold
light source to achieve background image contrast, which does not affect the
evaporation rate of the droplet. An automated dispensing system is also utilized to
allow placement of a precise droplet volume on the test surfaces.
To conduct evaporation experiments at elevated substrate temperatures, an
isothermal hot stage was constructed. The bottom surface of a 6.08 cm × 6.08 cm
× 2.30 cm copper block is electrically heated with a 10 W polyimide film heater
(Minco). A rake of sheathed T-type thermocouple probes are embedded in
clearance holes along the centerline of the block. A PID controller (TOT-1200,
Temp-o-Troll) is used to control the power output of the heater based on the film
heater temperature. All four sides and bottom of the copper block are well insulated
with silica fused ceramic foam. The superhydrophobic surface under testing is
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attached to the top of the copper block with thermally conductive silicone paste
(Omega herm 201, Omega). To guarantee a uniform layer, the paste is dispensed
into a precisely machined 0.15 mm deep square cavity located in the center of the
copper block and scraped flush with the top surface. The temperatures at the four
locations along the central axis of the copper block are continuously measured
during each test using a data acquisition system (34970A, Agilent Technologies).
During testing, the temperature variation across the copper block remained below
the uncertainty of the thermocouple measurements. Therefore, the block can be
treated as isothermal, and the temperature nearest the test surface is taken as the
reference temperature for all the experiments.

Automated
syringe
pump

DI water
reservoir
Goniometer
camera

Light
source
diffuser
Insulated
heater
block

Thermocouples

• Contact
angle/radius
acquisition
• Syringe control

• Surface
temperature
acquisition

Light source
Data logger
Temperature controller
Figure 2.3. Schematic diagram of test facility.
For each an evaporation test performed,  a  3  μl  droplet  is  formed  at  the  tip  of  a  
32 gauge stainless steel needle and is gently lowered onto the superhydrophobic
surface. Droplet profile distortion due to gravitational effects can be neglected
since the diameter of the droplet (1.79 mm) is less than the capillary length of a
water droplet (2.7 mm). The droplet is allowed to evaporate at ambient conditions
and at elevated substrate temperatures of 41°C, 51°C, and 61°C. A handheld
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hygrometer (RHXL3SD, Omega) is used to monitor the ambient temperature and
the relative humidity, which are maintained at 21°C and 37%, respectively.
Throughout the evaporation process, the contact angle, contact radius, and droplet
profile are visualized and measured with the goniometer system.
Quantitative analysis of the deposits left on the superhydrophobic surface is
conducted after complete droplet evaporation. For each unique combination of
substrate geometry and temperature, results are averaged over three repeated
evaporation tests. A white-light optical interferometer (NewView 6200, Zygo) is
used to obtain grayscale images of the deposition patterns. From these images,
the plan-view deposit coverage areas on the surfaces are manually extracted with
the aid of an image processing software (ImageJ, NIH) for tracking locations along
the deposit perimeter.
2.3

Results and Discussions

2.3.1 Static Contact Angle
The microstructured surfaces are characterized by the static contact angle, 𝜃 ,
of a droplet placed on the surface. The theoretical static contact angle of a droplet
in the non-wetting, Cassie [30] state is given
𝑐𝑜𝑠  (𝜃 ) = (𝑟 𝑐𝑜𝑠𝜃 )

(2.3)

where 𝜃 is the intrinsic contact angle,  or  Young’s  contact  angle? The value of this
parameter is taken as 120° for a water droplet that rests on a smooth, Tefloncoated surface.
The predicted and measured static contact angles for the three test surface
morphologies are summarized in Table 2.2. The given values are averaged over
three measurement trials. The measured initial static contact angle magnitude and
trends with respect to surface morphology are observed to be in good agreement
with the theoretical values predicted by Equation 2.3.
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Table 2.2. Theoretical and measured static contact angles for each surface.

Static Contact Angle (deg)
Surface

Predicted

Measured
21°C

41°C

51°C

61°C

SH-1

162

159 ± 0.9

158 ± 1.8

158 ± 1.3

156 ± 0.5

SH-2

160

158 ± 0.9

159 ± 0.7

157 ± 0.1

158 ± 1.9

SH-3

151

157± 0.8

157 ± 2.7

155 ± 0.8

155 ± 1.0

2.3.2 Droplet Evaporation
As previously described in the preceding chapter, droplet evaporation on a
superhydrophobic surface exhibits three distinct modes [20, 25, 26]: a constant
contact radius (CCR) mode, a constant contact angle (CCA) mode, and a mixed
mode. To compare the temporal variation of the droplet contact angle and contact
radius, the current results are reported in terms of the instantaneous time
normalized by the total time of evaporation, 𝜏. Figure 2.4 shows the observed
trends from representative tests for the dynamic contact angle and contact radius
for all three surfaces at the four substrate temperatures considered. The trends in
these wetting behavior metrics hold true for all cases, independent of substrate
temperature and surface morphology.
The evaporation process begins in the CCR mode as illustrated in Figure 2.4.
The contact line de-pins at a similar 𝜏 for SH-1, SH-2, and SH-3: 0.49 ± 0.05, 0.45
± 0.03, and 0.48 ± 0.04, respectively. Figure 2.5 indicates that the de-pinning angle
is 141 ± 2° for all cases, neither varying with surface morphology nor with substrate
temperature. The CCA mode of evaporation occurs at the onset of de-pinning of
the contact line. From this time onwards, the contact angle remains constant as
the contact radius continuously recedes. Near the end of the evaporation process,
once the droplet has reached a small fraction of its initial volume, the contact angle
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and contact radius simultaneously decrease rapidly in a mixed mode. While
surface morphology is known to affect the droplet shape and wetting behavior, the
small differences in geometric parameters considered in this work reveal similar
dynamic trends in the evolution of the contact angle and contact line (Figure 2.4).
This is also evident for the static droplet behavior described by Table 2.2 and
Figure 2.5.
The effect of substrate temperature on total evaporation time is also
investigated. For the room-temperature test, the droplet, substrate, and
surrounding vapor are initially at thermal equilibrium. Under these conditions,
droplet evaporation is driven by the diffusion of water vapor away from the liquidair interface and significantly influenced by evaporative cooling as a result of the
high aspect ratio of the droplet [22, 23, 24]. When the substrate is heated, however,
a temperature gradient is established within the droplet and evaporation occurs
more readily due to an elevated interface temperature (i.e., increased vapor
pressure). In the current study, room-temperature evaporation occurs slowly,
resulting in a total evaporation time of 34 ± 1 min for a single  3  μl  droplet,  as  plotted  
in Figure 2.6. This time is reduced by up to 91% when the substrate is heated to
61°C, which gives a total evaporation time of 3 ± 0.5 min. The total time it takes for
a droplet to evaporate is independent of the surface morphology for the range of
geometric differences investigated here. This is due to the modest geometric
differences between the test surfaces.
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Figure 2.4. Transient evolution of contact angle and contact radius with respect
to normalized time, τ, on (a) SH-1, (b) SH-2, and (c) SH-3 for representative
tests.
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Figure 2.6. Total droplet evaporation time as a function of substrate temperature
for the three test surfaces.
2.4

Particle Deposition

In this section, we discuss the size and distribution of the particle deposits on
the superhydrophobic surfaces after droplet evaporation. Figure 2.7 illustrates the
time-dependent   droplet   shapes   of   a   3   μl   droplet   with   suspended   latex  
microspheres as it evaporates under ambient conditions on SH-2. The droplet
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profile evolution and duration of each unique mode of evaporation is shown;
observations are consistent with the contact angle and contact radius behavior
associated with the CCR, the CCA, and the mixed modes of evaporation as
described in the previous section. Permanent contact line pinning does not occur
until the final stage of the evaporation process during the mixed mode
(approximately after  𝜏 =0.99). The droplet base area at pinning corresponds to the
diameter  of  the  final  particulate  deposit  (~112  μm).  From  inspection  of  all  test  cases,  
the diameter of the final particulate deposit is consistently less than the droplet
base area observed at the start of the mixed mode (𝜏 = 0.98). The localized
deposition area is approximately 1/25 the size of the initial footprint area of the
droplet for SH-2 and with the substrate held at room temperature.
(a)

τ=0
660  μm
1800  μm

τ = 0.20

τ = 0.41

CCR

(b)

τ = 0.42

τ = 0.70

τ = 0.97

CCA

112  μm

(c)

τ = 0.98

τ = 0.99

τ=1

Mixed

Figure 2.7. Visualization of the droplet profile evolution throughout the
evaporation process during the (a) CCR, the (b) CCA, and the (c) mixed
evaporation modes at room temperature on test surface SH-2. The total
evaporation time is 35 min.
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The final distribution of the particles on surface SH-2 after droplet evaporation
at room temperature is presented in the interferometry scan in Figure 2.8a. The
primary deposition area, while not perfectly circular, is smaller than the droplet
base contact area once the contact line is pinned. This primary central deposition
rests on the tops of the pillars (Figure 2.8b), indicating that the droplet remained in
the Cassie state throughout the evaporation process, consistent with the
observation by Marín et al. [28]. Additional  ‘Cassie  deposits’  [27] are also observed
on the tops of the outer peripheral pillars (Figure 2.8c). For the same SH-2 surface,
scanning electron microscopy (SEM) images of deposition patterns for evaporation
from a heated substrate are shown in Figure 2.9. The particles are found to have
penetrated into the pillar interstices, signifying that Cassie-Wenzel transition
occurred during   the   final   stages   of   evaporation;;   a   ‘Wenzel   deposit’   [27] pattern
results. It should be noted, however, that there is considerable variability in the
deposition pattern under heated conditions for the different surfaces used in the
current study, and this trend with respect to substrate temperature and
Cassie/Wenzel deposition is not universally observed.

Figure 2.8. (a) Three-dimensional representation and (b) gray-scale image
(obtained from optical interferometry scans) of particulate deposit pattern after
droplet evaporation on test surface SH-2 at room temperature. SEM images
reveal particles (b) bridging pillar gaps and (c) resting on peripheral pillars.
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Figure 2.9. SEM images of particulate deposit patterns on test surface SH-2
maintained at elevated substrate temperatures of (a) 41 °C, (b) 51 °C, and 61 °C,
shown at low and high magnifications.
To compare across all experiments, the deposit coverage area, Ad, is
compared against the initial droplet base area, Ai. The ratio of the deposit coverage
area to the initial droplet bases area, Ad / Ai, is indicative of the degree of deposition
localization due to the superhydrophobic surface morphology. The deposit size is
extracted from the grayscale interferometry imaging described in the experimental
procedure. Representative Grayscale images of deposition patterns are shown in
Figure 2.10. The calculated Ad / Ai for all test cases is presented in Figure 2.11.
Error bars indicate the standard deviation over three trials (the coverage area
measurement uncertainty for a single trial is negligible compared to the spread
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between trials). The deposition pattern areas are consistently smaller (being
approximately 5% of the initial footprint area) than the initial size of the droplet
contact base area. There are no observable trends in the area of coverage ratio
with respect to substrate temperature nor with surface morphology. It is expected
that further testing of surfaces with more significant relative differences in
morphology, in addition to reducing the standard deviation by increasing the
number of individually repeated trials, will reveal trends that enable prediction and
control of localized deposition on such superhydrophobic surfaces.

(a)

(b)

(c)

Figure 2.10. Grayscale optical interferometry images of the spatial distribution of
the particles (which appear as dark regions in the images) after room
temperature evaporation on test surfaces (a) SH-1, (b) SH-2, and (b) SH-3.

Area of Coverage Ratio (Ad/Ai)

0.20

21°C
41°C

0.15

51°C
61°C

0.10

0.05

0.00
SH-1

SH-2

SH-3

Figure 2.11. Comparison of final deposit area to initial wetted area between the
different superhydrophobic surface geometries and substrate temperatures.
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2.5

Conclusions

Particle deposition via droplet evaporation on superhydrophobic surfaces is
qualitatively and quantitatively analyzed for different surface parameters and
substrate temperatures. During the evaporation process, the temporal evolution of
the contact line and contact angle exhibit similar trends with respect to surface
morphology and substrate temperature for the samples tested, on a time scale
normalized by the total evaporation time. As expected, the total time of the
evaporation is significantly reduced when the substrate is heated. Optical
interferometry

scans

of

the

particle

deposition

patterns

reveal

that

superhydrophobic surfaces provide an effective means for localizing the deposition
of suspended particles after droplet dry out, suppressing the undesirable coffeering effect. The primary central deposition area is demonstrated to be consistently
on  the  order  of  5%  of  the  initial  3  μl  droplet  base  area  for  the  given  suspension  
mass concentration. The observed qualitative trends in Cassie versus Wenzel
state deposition, and the quantitative trends in deposition area, do not correlate to
surface morphology or substrate temperature for the limited geometric variations
investigated and the number of trials performed.
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CHAPTER 3. EFFECT OF SUPERHYDROPHOBIC SURFACE MORPHOLOGY
ON EVAPORATIVE DEPOSITION PATTERNS

3.1

Introduction

This chapter aims to enable more accurate prediction and control of localized
deposition on superhydrophobic surfaces. The study exhibits the influence of
superhydrophobic surface morphology on evaporative deposition by employing
microstructured surfaces with differing pillar pitch as a mean to control the size and
localization of particle deposits. In contrast to the test surfaces considered in the
previous chapter, the geometric parameters here are designed to achieve a
greater range of surface wettability. Microliter water droplets containing
suspensions of latex microspheres are evaporated under ambient temperature
and humidity conditions, and the resulting evaporative deposition patterns are
qualitatively and quantitatively analyzed. The deposit size dependence on surface
morphology and transient evaporation dynamics are demonstrated experimentally
and corroborated with theoretical analysis of transition between the predominant
wetting states.
3.2

Methods

3.2.1 Surface Design and Fabrication
Superhydrophobicity may be imparted by engineering nano-, micro-, or multiscale hydrophobic roughness elements on a substrate [21]. The surfaces
considered in the present work were designed to ensure significant relative
differences in surface roughness morphology that provide a desired range of
wettability. The design is based on the global energy minimization approach of He
et al. [31] and Patankar [32] for predicting the droplet wetting state. One of two
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different apparent contact angles may be realized on a rough surface [ 32 ]
according to the Wenzel [33] and Cassie [30] models, depending on the surface
geometry. At equilibrium, a droplet assumes the lowest-energy configuration
corresponding to the lower of the two contact angles predicted by these models.
The theoretical apparent contact of a droplet in the Wenzel state is given by
𝑐𝑜𝑠  (𝜃 ) = (𝑟 𝑐𝑜𝑠𝜃 )
where 𝑟

and 𝜃

(3.1)

are   the   surface   roughness   and   Young’s   contact   angle,  

respectively. A droplet in the Cassie state has an apparent contact angle given by
𝑐𝑜𝑠  (𝜃 ) = −1 + 𝜑(1 + 𝑐𝑜𝑠𝜃 )

(3.2)

where the 𝜑  denotes the ratio of the projected area to the base area of the surface
(i.e., solid fraction).
The geometric parameters of the surfaces with square pillars investigated in
this study are defined in Figure 3.1. For this surface morphology, the solid fraction
is expressed as
𝜑=

𝑊
𝑃

(3.3)

and the surface roughness is defined as
𝑟 =1+

4𝑊𝐻
𝑃

(3.4)

To examine the influence of surface geometry on droplet wetting characteristics,
pillar pitch is varied while the pillar height (20 µm) and width (10 µm) are kept
constant. Surface wettability is then a function of the pillar pitch, which takes the
values  of  20  μm,  25  μm,  30  μm,  45  μm,  and  65  μm The Cassie and Wenzel contact
angles are plotted in Figure 3.2 for 𝜃 = 120°. Five surface geometries are
selected to study their effect on deposition characteristics of particles suspended
in an evaporating droplet, and they are labeled in the figure according to the pillar
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pitch as SH-P. The roughness geometries are selected such that, theoretically, two
substrates (SH-20, SH-25) would support a stable Cassie droplet state, one (SH30) would support either Cassie or Wenzel (lies at the intersection of the curves
describing Cassie and Wenzel state), and two (SH-45, SH-65) would support a
Wenzel state. In practice, gentle placement atop the pillars yields a droplet in the
Cassie state for all surfaces at the start of evaporation, but for surfaces SH-30,
SH-45, and SH-65, a transition to the Wenzel state occurs in the course of
evaporation, as indicated in Figure 3.2.
(a)

(b)

W

P

H

W

Figure 3.1. (a) Top and (b) side view of pillar array unit cell defining the pillar
width (W), height (H), and pitch (P).
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Figure 3.2. Contact angle predicted by the Wenzel and the Cassie models as
functions of the surface solid fraction (W = 10 µm; H = 20 µm).
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The surface fabrication process are carried out in the Birck Nanotechnology
Center at Purdue University The test substrates are fabricated with silicon prime
wafers using standard lithography and dry etching (deep reactive-ion etch)
techniques. The textured surfaces are then coated with Teflon (~50 nm thickness)
to render them superhydrophobic. Scanning electron microscopy (SEM) images of
the fabricated SH-20, SH-25, SH-30, SH-45, and SH-65 are provided in Figure 3.3.

SH-25

SH-20

SH-45

SH-30

SH-65

Figure 3.3. SEM images of the superhydrophobic test surfaces with pillar pitches
of 20 µm, 25 µm, 30 µm, 45 µm, and 65 µm.
3.2.2 Experimental Procedures
A uniform suspension of particles in deionized water (0.002% mass
concentration) is prepared with 1 μm-diameter latex microspheres that have a
density of 1.05 g/cm3 which ensures that they follow the flow field [29]. The
experimental apparatus illustrated in Figure 3.4 is utilized to perform droplet
evaporation tests with ambient temperature and relative humidity maintained at
21.6  ±  0.6  °C  and  36.1  ±  0.9  %,  respectively.  For  each  evaporation  trial,  a  3  μL  
droplet is gently deposited on the test surface using a microsyringe. Droplet profile
distortion due to gravitational effects can be neglected since the diameter of the
droplet (1.79 mm) is less than the capillary length scale of water (2.7 mm). Images
of the side-view droplet profile, and measurements of the droplet contact angle
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and contact radius, are gathered at 1 s intervals with a goniometer system (RaméHart, model 290), which uses a cold light source for background image contrast
and does not influence the evaporation rate. The droplet profile is simultaneously
recorded from atop via microscopy (5X objective). A fresh location on the surface
is designated for each droplet evaporation trial, so as not to disturb deposits on the
surface between subsequent trials. Table 3.1 lists the number of trials performed
for each surface type, as well as the corresponding predicted and measured
average static contact angles. Irrespective of whether a surface was designed to
form droplets in a Cassie or a Wenzel state based on its pillar dimensions, gentle
placement of the droplet atop the pillars always yielded a droplet in the Cassie
state for the five test surfaces. He et al. [31] observed this same behavior when
droplets were gently positioned, in contrast to the Wenzel state being attained
when the droplets were released from a height.
Grayscale images and topographic maps of the particle deposits are obtained
via white-light optical interferometry (NewView 6200, Zygo). The grayscale images
are analyzed to measure the deposit perimeter and plan-view coverage area. An
oblique view of the deposit morphology is provided by SEM.

Digital Camera

Top View
Microscope

Diffuser

Side View

CCD Camera

Stage
Light
Source

Goniometer System

Figure 3.4. Schematic diagram of test facility.
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Table 3.1. Theoretical and measured static contact angles, and number of droplet
evaporation trials for each surface.
theoretical

theoretical

Cassie state

Wenzel state

[30] contact

[33] contact

angle (deg)

angle (deg)

SH-20

151

180

151.5 ± 2.2

7

SH-25

157

180

154.5 ± 1.5

11

SH-30

161

161

156.9 ± 1.3

7

SH-45

134

167

156.5 ± 6.1

6

SH-65

127

171

161.7 ± 1.7

12

surface

3.3

measured
static contact
angle (deg)

number of
trials

Results and Discussions

3.3.1 Transient Droplet Contact Radius and Contact Angle during Evaporation
The temporal variation of the droplet contact angle and contact radius are
plotted in Figure 3.5 as functions of nondimensional time, 𝜏 (actual time normalized
by total evaporation time). For each unique surface geometry, an evaporation trial
is shown that best represents all the trials included in the average. Evaporation
begins with a period of either constant contact radius (CCR) or slowly decreasing
contact radius, depending on the pillar density. The next phase is in the constant
contact angle (CCA) mode and is always followed by a mixed mode. From 𝜏 = 0
to  𝜏 ≈0.44, droplet evaporation on SH-20, SH-25, and SH-30 occurs in the CCR
mode. Surfaces SH-45 and SH-65 are less prone to start or remain in the CCR
mode due to greatly reduced contact area between the droplet and the solid pillars.
On SH-65, contact radius gradually decreases until 𝜏 ≈0.40 for the trial shown in
Figure 3.5b. On all the surfaces, the contact radius continuously decreases at the
onset of the subsequent CCA mode of evaporation and for the remainder of the
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evaporation process. During this phase, a stick slip [26] phenomenon is observed,
particularly on SH-45 and SH-65.
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Figure 3.5. Representative plots of droplet (a) contact angle and (b) contact
radius with respect to normalized time, 𝜏.
3.3.2 Wetting Transition during Evaporation
Near the end of the evaporation process, when the droplet volume has reduced
to a small fraction of its initial value, droplets on surfaces SH-30, SH-45, and SH65 undergo a transition from the Cassie to the Wenzel state. On SH-65, the contact
radius undergoes a sudden increase at 𝜏 ≈  0.99 as a result of the Cassie-toWenzel transition (Figure 3.5b). The droplet collapses into the air gaps between
the pillars and wets the surface with a much greater contact radius. The transition
is less evident for surfaces with smaller pitch (SH-30, SH-45) from the contact
angle and the contact radius measurements obtained from side-view images.
While it is difficult to quantitatively determine the Cassie-to-Wenzel transition from
the side view profile, image analysis from this top view of the droplet profile
confirms that wetting transition takes place for surfaces SH-30, SH-45, and SH-60.
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3.3.3 Droplet Evaporation on SH-25 and SH-65
This section discusses droplet evaporation observed on two differing surface
morphologies that have distinct evaporation behavior. Figure 3.6a (SH-25) and
Figure 3.6c (SH-65) illustrate the temporal variation of the droplet contact angle
and the normalized contact radius for a representative trial in terms of   𝜏 .
Corresponding top- and side-view images of the instantaneous droplet profile are
displayed in Figure 3.6b and Figure 3.6d. At the start of evaporation on SH-25,
initially in the CCR mode, the droplet is in the nonwetting Cassie state and has a
contact angle of 154.6°. The contact line de-pins at  𝜏 ≈  0.53, marking the onset of
the CCA mode in which the contact angle is constant at ~131.3 ± 2.5°; the contact
radius continuously recedes until  𝜏 ≈  0.99. This is followed by the final stage of
evaporation where the contact radius and the contact angle simultaneously
decrease until complete dryout. On the other hand, the evaporation process on the
surface with the largest pillar pitch (SH-65) is observed to start in either the mixed
mode (such as in the representative case in Figure 3.6c,d), or in the CCR mode,
as explained in greater detail in the previous discussion. It is apparent in Figure
3.6c that the droplet begins to evaporate with an initial contact angle of 160.5°. For
0.43  ≲ 𝜏 ≲ 0.90, the contact radius recedes as the contact line abruptly pins and
de-pins repeatedly to maintain an average contact angle of ~148.9 ± 3.4°. This
stick-slip phenomenon is characteristic of the sparser pillar geometry in the CCA
mode. Near the end of evaporation (𝜏 ≈  0.90), the droplet returns to the mixed
mode, and at 𝜏 ≈   0.96, the contact radius experiences a sudden increase,
signifying that the droplet has been impaled by the pillars and has displaced the
air gaps, entering the Wenzel state. This behavior agrees with surface structures
in the literature [34] with similar pillar density.
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Figure 3.6. Temporal variation of droplet contact angle and normalized contact
radius on (a) SH-25 and (c) SH-65 for a single representative trial, and
corresponding top- and side-view images of the droplet on (b) SH-25
and (d) SH-65.
The deposited particle distributions on SH-25 and SH-65 corresponding to the
representative trials in Figure 3.6 are presented in Figure 3.7. According to the
measured deposit topography for SH-25 (Figure 3.7a,b), densely packed particles
are deposited on this surface, covering a footprint area that is ~0.61% of the initial
droplet base coverage area. The deposit rests only on top of the pillars as shown
in the SEM image from a tilted view (Figure 3.7c). This implies that the droplet
remained in the Cassie state throughout the evaporation process, consistent with
the observations by Marín et al. [28]. In contrast, Figure 3.7d−f reveal a ‘Wenzel  
deposit’   in   between   the   pillars   of SH-65, which is indicative of the Cassie-toWenzel transition observed in Figure 3.6c,d. The deposit coverage area is 11.7%
of the initial droplet base coverage area and is  significantly  larger  than  the  ‘Cassie  
deposit’  on  SH-25.
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Figure 3.7. (a,d) Three-dimensional representations of surface height topography
and (b,e) surface profiles (along one cross-plane) obtained by optical
interferometry, and (c,f) SEM images of the deposited particles, for surfaces SH25 (left) and SH-65 (right).
3.3.4 Qualitative Analysis of Particulate Deposit Patterns
SEM images of representative deposits for all the surfaces in Figure 3.8 show
the influence of surface morphology on deposit pattern. Cassie deposits are
observed on SH-20 and SH-25, whereas Wenzel deposits are found on SH-30,
SH-45, and SH-65. The Cassie-to-Wenzel transition is driven by the competition
between the Laplace and capillary pressures while a droplet is evaporating on the
textured surface [1,25,35]. The Laplace pressure can be expressed as
𝑃 =

2𝛾
𝑅

(3.5)

where 𝛾 is the liquid surface tension and 𝑅 is the droplet radius of curvature. Thus,
𝑃 increases as the droplet size decreases. The capillary pressure is defined as
𝑃 = −4𝛾(𝑐𝑜𝑠𝜃 )

𝜑
𝑊(1 − 𝜑)

(3.6)

where 𝜃 is the   Young’s   contact   angle   (120º   for   a   water   droplet   on   a   smooth,  
Teflon-coated surface) and 𝜑 is the surface solid fraction. The capillary pressure
decreases with increase in the pillar pitch. Cassie-to-Wenzel transition occurs
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when the droplet becomes small enough such that the Laplace pressure exceeds
the capillary pressure (𝑃 ≥ 𝑃 ); the deposition morphology (i.e., Cassie versus
Wenzel deposits) is determined by this transition. A Wenzel deposit is formed for
the surfaces on which transition is observed, viz., SH-65 as explained in the
analysis of the time-dependent contact radius (Figure 3.6c), and SH-30 and SH45 by viewing from atop as previously discussed in Chapter 3.3.2.
SH-20

SH-25

SH-45

SH-30

SH-65

Figure 3.8. SEM images of representative particulate deposits on the five
surfaces investigated.
3.3.5 Quantitative Analysis of Particulate Deposit Patterns
Table 3.2 provides a quantitative measure for the localization of deposits at the
center of the droplets for all the test surfaces. The ratio of the deposit coverage
area, Ad, to the initial droplet base area, Ai, is in the range of 0.87-14.8%, indicating
significant concentration of particles on all surfaces. Figure 3.9a shows a plot of Ad
as a function of the pillar pitch. As the pillar pitch decreases, the particulate deposit
coverage area reduces until a critical pitch (P =25), below which the deposit size
no longer continues to decrease with further decreases in pitch. On SH-20, the
deposit coverage area is slightly larger than the observed minimum deposit size
on SH-25. Xu et al. [1] observed a decreasing deposit area for three
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superhydrophobic surfaces with reducing pillar pitches; however, they did not
investigate pillars dense enough to reveal a minimum achievable deposit size.
Table 3.2. Ratio of deposit coverage area, Ad, to the initial droplet base area, Ai
(averaged across trials).

surface

Ad/Ai (%)

SH-20

1.5 ± 0.62

SH-25

0.9 ± 0.30

SH-30

3.4 ± 0.56

SH-45

8.2 ± 5.51

SH-65

14.8 ± 6.98

These observed trends in deposit size can be explained by the Laplacecapillary pressure balance at the wetting transition which is a function of the
surface morphology. In Figure 3.9a, it is clear that the trend of variation of Ad with
pillar pitch follows the trend of the droplet base coverage area at wetting transition,
At, obtained from top-view images just after transition for SH-30, SH-45, and SH65. The deposit size can be correlated to the theoretical droplet curvature radius
at the Cassie-to-Wenzel transition, 𝑅 = 2𝛾/𝑃 , as predicted by equating the
Laplace and capillary pressures. Comparison to the measured curvature radius
(Figure 3.9b) obtained from side-view images just prior to transition indicates that
above the critical pillar pitch (P >  25  μm)  the  wetting  transition  and  deposit  size  are  
indeed governed by this Laplace-capillary pressure balance. While the theoretical
curvature radius is able to broadly predict the measured wetting transition behavior
trend with decreasing pillar pitch, the disagreement with experimental values
shown in Figure 3.9b is expected due to the presence of particles in the fluid that
influence the contact-line dynamics during droplet evaporation [36,37,38]. Above
the critical pitch, Wenzel deposits are formed with a coverage area that is
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correlated to the droplet size predicted at Cassie-Wenzel transition, though the
deposit coverage area is actually smaller than the droplet base coverage area at
transition (Figure 3.9a). Below the critical pillar pitch (P <   25   μm),   the   trend   in  
deposit size no longer follows the trend in 𝑅 (Figure 3.9b). At this threshold, the
droplets remain in a Cassie state throughout evaporation. There is more significant
influence of contact-line adhesion forces for surfaces with comparatively larger
solid-liquid contact area between the droplet and the pillars [39], which play a
significant role toward the end of droplet evaporation; thus, further increases in
pillar density act to increase the deposit size.
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Figure 3.9. (a) Measured deposit coverage area, Ad and droplet base coverage
area at Cassie-to-Wenzel transition, At, with respect to pillar pitch, and (b)
comparison between the measured and theoretical droplet radius of curvature at
the Cassie-to-Wenzel transition, Rt
3.4

Conclusions

Evaporative particle deposition patterns and deposit sizes are studied as a
function of superhydrophobic surface morphology. Droplet evaporation on
superhydrophobic surfaces localizes particle deposition to an area significantly
smaller than the initial base coverage area of the droplet. One of two types of
deposition patterns is observed—Cassie or Wenzel deposits—corresponding to
the droplet wetting state during the late stages of evaporation and is governed by
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a balance between the Laplace and capillary pressures. Over the range of surface
geometries considered, a minimum average deposit size as small as 0.9% of the
initial droplet base area is observed at a critical pillar pitch. Above the critical pitch,
the deposit size is inversely proportional to the capillary pressure; the influence of
contact-line adhesion forces dominates during the final stage of the evaporation
process below this critical pitch. The present findings offer fundamental insights on
controllable particulate deposition by droplet evaporation on superhydrophobic
surfaces.
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CHAPTER 4. CONCLUSIONS AND CLOSURE

4.1

Summary

Evaporative particle deposition patterns obtained from sessile droplet
evaporation on superhydrophobic surfaces are experimentally investigated in this
work. Experiments are conducted on surfaces with varying geometric parameters.
Water sessile droplets containing latex microspheres are allowed to evaporate on
the test surfaces maintained at room temperature and elevated temperatures.
Throughout the evaporation process, the time-dependent droplet contact radius
and contact angle are measured in order to evaluate the transient wetting behavior
of the droplet. Images of the remaining particulate deposits on the surfaces are
subsequently obtained, which are used to perform quantitative and qualitative
analyses of their spatial distributions.
In the first part of the thesis, droplet evaporation experiments are carried out at
different substrate temperatures: room temperature and elevated temperatures of
41°C, 51°C, and 61°C. Three surfaces that vary in surface morphology are
considered. Droplet evaporation on superhydrophobic surfaces is demonstrated to
effectively suppress contact line deposition and localize the leftover deposits.
In the second part of the thesis, droplet evaporation of sessile water droplets
containing latex microspheres are performed on superhydrophobic surfaces
maintained at room temperature. Five surfaces are designed to have varying
geometric parameters which yield a wide range of surface wettability. The transient
droplet side- and top-view profile are visualized throughout the evaporation
process to track the temporal evolution of the droplet contact angle and contact
radius. Analysis of the transient droplet wetting behavior reveals the influence of
the surface morphology on the modes of evaporation. The deposition pattern and
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the degree of deposition localization are demonstrated with respect to surface
morphology. On the basis of the Laplace-capillary pressure balance at the solidliquid interface, the Cassie-to-Wenzel transition during evaporation is predicted.
The observed trends in deposit size is compared with the theoretical trend of the
wetting transition. A relationship between surface morphology and deposit size
indicates an optimum surface design for the minimum deposit coverage area.
4.2

Recommendations for Future Work

4.2.1 Effect of Substrate Temperature on Deposition Patterns
Although the findings in the first part of this thesis did not present a clear
correlation

between

substrate

temperature

and

deposit

size,

further

experimentation should be considered to explore the effects of elevated surface
temperatures. The large standard deviations, which prevented such conclusions
to be drawn, could be reduced by considering a greater number of experimental
trials. This would allow a more definite conclusion to be drawn regarding the
dependence or independence of deposition morphology on substrate temperature.
4.2.2 Mass Conservation Analysis
A mass conservation analysis should be considered to ensure that all of the
suspended particles in the evaporating droplet are deposited in the observed
localized region. This can be accomplished by obtaining the coverage area of the
deposit as well as its average height from the interferometry measurements, thus
allowing comparison of measured values of the deposit size to the total volume of
particles initially in the droplet. It is expected that a majority of the particles are
highly concentrated at the center of the initial footprint, but there was some
evidence of peripheral deposits in the previous results (Chapter 2.4). A mass
conservation analysis would indicate the percentage of total particles localized to
the central deposit (i.e., a localization efficiency).
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4.2.3 Effect of Concentration of Suspended Particles on Droplet Evaporation
Dynamics on Superhydrophobic Surfaces
There are a number of predictive models for predicting the Cassie-to-Wenzel
transition in the literature [8, 40 ]. The available models are limited to sessile
droplets of pure water; however, the wetting transition on superhydrophobic
surfaces occurs at late stages of the evaporation process when there exists a
significant concentration of the particles. Several studies [36,37,38] have reported
the effects of suspended particles on the wetting behavior of an evaporating
droplet on smooth and hydrophobic surfaces. Thus, it will be worth investigating
the effects of particle concentration on the wetting dynamics of an evaporating
droplet on superhydrophobic surfaces. Parameters in the existing Cassie-toWenzel transition models, such as the fluid surface tension, the initial contact angle,
and the contact angle at transition, are significantly influenced by the presence of
the particles. It would be useful to improve the prediction of the wetting transition,
which is shown to control the deposit size in the current thesis, to include such
effects. A study on the particle-concentration-dependent wetting properties could
allow better prediction of tunable deposition patterns and sizes.
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Appendix A Experimental Setup
The current appendix presents a machine drawing of the copper block is
described in Chapter 2.2 (Figure A.1) and additional photographs of the
experimental setup to supplement the schematic diagram shown in Chapter 2.2
(Figures A.1-A.5).

Figure A.1. Schematic drawing of heater block utilized to elevate temperature of
test surface samples.

41

Digital camera

Microscope

Goniometer system
Figure A.2. Experimental setup.
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Light diffuser

CCD camera

Microscope
power supply

Stage

Hygrometer

Figure A.3. Additional components in the experimental setup.

5X Objective lens

CCD camera

Light diffuser

Stage
Figure A.4. Configuration used to image the droplet profile from the side (CCD
camera) and atop (5X objective lens).
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5X Objective lens

CCD camera

Test surface

Figure A.5. Image of test surface and droplet placement during droplet
evaporation.
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Appendix B Comprehensive Catalog of Deposit Patterns to Supplement
Chapter 2

SH-1
Room
Temperature

41°C

51°C

61°C

Figure B.1. Grayscale images of particulate deposits after droplet evaporation on
SH-1 maintained at room temperature and elevated temperatures.
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SH-2
Room
Temperature

41°C

51°C

61°C

Figure B.2. Grayscale images of particulate deposits after droplet evaporation on
SH-2 maintained at room temperature and elevated temperatures.
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SH-3
Room
Temperature

41°C

51°C

61°C

Figure B.3. Grayscale images of particulate deposits after droplet evaporation on
SH-3 maintained at room temperature and elevated temperatures.
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Appendix C Comprehensive Catalog of Deposit Patterns to Supplement
Chapter 3

SH-20

Figure C.1. Microscopy images of particulate deposits after droplet evaporation
on SH-20 maintained at room temperature.

SH-25

Figure C.2. Microscopy images of particulate deposits after droplet evaporation
on SH-25 maintained at room temperature.
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SH-30

Figure C.3. Microscopy images of particulate deposits after droplet evaporation
on SH-30 maintained at room temperature.

SH-45

Figure C.4. Microscopy images of particulate deposits after droplet evaporation
on SH-45 maintained at room temperature.
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SH-65

Figure C.5. Microscopy images of particulate deposits after droplet evaporation
on SH-65 maintained at room temperature.
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